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Abstract. Cracks formed in building walls are frequently restored by injecting specially formulated 

repair grouts into the damaged areas. This study examines the effect of such repaired cracks on the 

thermal performance of building envelopes. Heat transfer within cracked wall sections was modeled 

by solving the two-dimensional steady-state heat conduction equation. Convective boundary 

conditions of the third kind were specified on the exterior surfaces to account for heat exchange 

between the wall and the surrounding environment. The truncated edges of the computational domain 

were assigned insulated (second-kind) boundary conditions, corresponding to zero normal heat flux. 

At the interfaces between adjacent materials, continuity of both temperature and heat flux was 

enforced through fourth-kind boundary conditions. The numerical analysis was carried out using the 

finite element method implemented in ANSYS Workbench 2024. Based on the obtained numerical 

results, a procedure was developed for constructing nomograms that characterize the specific heat 

losses associated with wall cracks repaired by injection grouting. The temperature fields of aerated 

concrete, clay brick, and reinforced concrete wall assemblies were investigated. The results indicate 

that injecting a repair grout into a crack increases the heat flux through the examined section in brick 

and aerated concrete walls, whereas the opposite effect is observed for reinforced concrete walls, 

where the heat flux decreases after crack injection. The simulations demonstrated that replacing the 

air-filled crack with injection grout increases the heat flux across the repaired region of the wall. 

Graphical nomograms were therefore established to estimate the heat flow through repaired cracks 

directly from two governing parameters – the crack depth and the crack opening width – without the 

need for a complete numerical solution of the temperature field. In addition, the paper presents a 

practical algorithm describing the application of these nomograms in engineering calculations. The 

developed graphical tools can be employed to evaluate the overall thermal resistance of building 

envelopes during reconstruction, rehabilitation, and major renovation of existing buildings. 
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1. INTRODUCTION 

1.1. Cracks in Building Envelopes 

Throughout the service life of a building, structural elements are inevitably subjected to crack 

formation. Such defects may appear in building envelopes constructed from various materials, 

including brick masonry, aerated concrete, foam concrete, reinforced concrete, and other widely used 

structural materials. 

Representative examples of cracks identified in walls composed of different construction materials 

are presented in Fig. 1. 

 

 
 

Fig. 1. Typical cracks observed in building walls constructed from different materials: (a) brick 

masonry; (b) reinforced concrete; (c) foam concrete. 

 

During reconstruction and major renovation, these defects are commonly repaired by pressure 

injection of specially formulated repair grouts through injection packers. 

Examples of repaired cracks with installed injection packers are illustrated in Fig. 2. 

 

 
 

Fig. 2. Photographs of repaired cracks with installed injection packers. 
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1.2. Previous Studies on Crack Injection in Building Envelopes 

Extensive research has been devoted to the development of materials, techniques, and technologies 

for repairing cracks in building structures and construction materials [1–11]. 

Wu et al. employed unmanned aerial vehicles integrated with oblique photogrammetry to inspect a 

historic masonry wall. By reconstructing a three-dimensional digital model of the structure, the 

authors identified 43 cracks exceeding 0.3 m in length together with 15 delaminated areas larger than 

0.03 m² [2]. 

Dong et al. introduced an enhanced lightweight deep-learning model, YOLOv8-CD, for automated 

crack detection on concrete surfaces. According to their results, the proposed algorithm achieved 

higher detection accuracy while reducing computational requirements, improving processing speed, 

and maintaining efficient performance on mobile platforms compared with existing methods [3]. 

Using a Monte Carlo simulation framework, Wang et al. examined the stochastic development of 

crack networks in concrete. The cracked material was represented by a simplified pore-crack model, 

which enabled the interaction between cement slurry and damaged concrete to be investigated in detail 

[4]. 

Tselios et al. studied the performance of chemical anchors installed in solid clay brick masonry. 

Particular attention was given to the failure mechanisms associated with anchors embedded in both 

intact masonry and substrates containing pre-existing cracks [5]. 

Oladiran et al. evaluated the properties of epoxy-repaired concrete by comparing its performance 

with that of conventional concrete. Their experimental findings demonstrated that epoxy injection 

effectively restores the integrity of cracked concrete and may even enhance its mechanical 

characteristics beyond those of the original material [6]. 

Starczyk-Kołbyk et al. developed an environmentally sustainable rapid-hardening concrete 

intended for emergency repair operations and accelerated post-disaster reconstruction. The proposed 

material consists of low-emission multicomponent cement, crushed granite aggregate, soda–lime glass 

waste, aqueous sodium silicate, glass dust, and finely ground glass powder. Experimental 

investigations revealed that the mixture containing 5% glass aggregate exhibited the most favorable 

mechanical performance after 28 days of curing. The authors concluded that this material represents a 

promising solution for rapid repair and structural rehabilitation applications [7]. 

Sun et al. investigated an epoxy-based concrete specifically designed for the rapid rehabilitation of 

short-span and medium-span bridges. In addition to developing the concrete mixture, the authors 

proposed a constitutive model that describes its mechanical response as a function of temperature [8]. 

Chuang et al. examined the properties of a cement-based injection grout composed of Portland 

cement, sulfoaluminate cement, and reactive ultrafine fly ash. Their experimental study demonstrated 

that the optimum composition for crack injection corresponded to a water-to-binder ratio of 0.40, with 

the binder consisting of 75% sulfoaluminate cement, 20% Portland cement, and 5% reactive ultrafine 

fly ash [9]. 

Li et al. investigated a cementitious injection grout incorporating quartz sand as a filler material. 

Their results confirmed that epoxy-based repair can successfully restore—and in certain cases 

improve—the structural performance of cracked concrete. Following repair, the compressive strength 

of the specimens increased, with the maximum strength recovery ratio reaching 98.41% for specimens 

containing cracks 0.3 mm in width [10]. 

Chen et al. proposed an improved repair technique for cracked clay bricks based on enzyme-

induced carbonate precipitation (EICP). By introducing a centrifugal cementation process, the authors 

increased the flexural strength of repaired brick specimens by 22.9% compared with conventional 

repair procedures [11]. 

1.3. Influence of Building Envelope Defects on the Thermal Performance of Buildings 

Thermal irregularities directly influence the thermal performance of building envelopes. Depending 

on the material properties and the geometry of a structural detail, they may either increase or decrease 

the heat flow through the envelope [12-16]. 
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Throughout the service life of a building, the formation of cracks introduces additional thermal 

irregularities into the building envelope. During reconstruction or major renovation, these defects are 

typically repaired by pressure injection of a repair grout. Replacing the air-filled crack with an injected 

material changes the heat transfer characteristics of the repaired wall section. 

Cracks in external walls can significantly impair the thermal insulation performance of building 

envelopes. Their effect is twofold. First, the thermal resistance decreases because a portion of the wall 

material is replaced by air occupying the crack. Second, through-cracks may allow uncontrolled air 

infiltration, leading to additional heat losses. 

Cracks also serve as sites for moisture accumulation. Under freezing conditions, the retained 

moisture accelerates the deterioration of the surrounding material. In addition, through-cracks create 

local thermal bridges. Numerical analyses of temperature fields have shown that the presence of 

cracks can reduce the thermal resistance of a wall severalfold, causing it to fall below the minimum 

values required by building codes. Installing thermal insulation without repairing existing cracks 

beforehand may shift the condensation zone toward the inner part of the wall, thereby increasing the 

likelihood of finishing-layer debonding and subsequent deterioration. Moisture retained within the 

insulation freezes at subzero temperatures, damaging its fibrous structure and impairing its insulating 

properties. Consequently, moisture-saturated insulation exhibits substantially lower thermal efficiency. 

A variety of methods have been proposed to account for thermal irregularities in building 

envelopes [17-20]. Throughout much of the twentieth century, engineering calculations were 

commonly based on the thermal homogeneity coefficient, which provided an estimate of the reduction 

in the overall thermal resistance caused by structural details. However, this coefficient offered only an 

approximate evaluation. Today, the thermal behaviour of complex building components is generally 

assessed by numerical simulation of temperature fields using specialized computational software [21-

24]. 

A comprehensive study of the influence of building-envelope defects on energy performance was 

reported by Rusanov et al. The authors showed that ventilated facade systems are especially sensitive 

to disruptions in air circulation within the ventilation cavity. When the cavity width decreases below 

20 mm or becomes completely obstructed, its thermal resistance is reduced considerably. Statistical 

processing of infrared thermography data indicated that more than half of the inspected facades 

contained defects, with the majority located near window-to-wall junctions. Laboratory experiments 

carried out in a climatic chamber confirmed that, depending on the defect type, the thermal resistance 

may decrease by up to two times, while insulation debonding was identified as the most critical defect. 

The authors also developed mathematical models describing the combined influence of multiple 

defects, making it possible to improve the accuracy of building energy performance assessments. 

Their findings demonstrated that the simultaneous occurrence of several defects produces a cumulative 

effect greater than the sum of their individual contributions. The proposed methodology was validated 

experimentally using facade specimens containing typical construction defects, including gaps 

between adjacent insulation boards and voids between the insulation layer and supporting brackets. 

Numerical simulations performed in ELCUT were in good agreement with the experimental 

measurements, confirming that numerical modelling can reliably predict the thermal effects of 

building-envelope defects without the need for extensive full-scale testing [25]. 

The objective of the present study is to evaluate the specific heat losses occurring in building walls 

containing cracks repaired by injection grouting. 

This study aims to develop a nomogram for estimating specific heat loss through wall cracks 

following repair by injection grouting. The proposed approach enables rapid assessment of the 

corresponding heat flux, providing a practical tool for evaluating the thermal performance of repaired 

cracks. 

2. METHODS AND MATERIALS 

2.1. Mathematical Model of the Temperature Field for a Cracked Building Wall 

The temperature field of a building wall containing a crack was described using the two-

dimensional steady-state heat conduction equation: 



Строительные материалы и изделия/Construction Materials and Products. 2026. 9 (4) 

  
 

5 

2 2

2 2
( ) 0.

t t

x y


 
 

 
                                                               (1) 

 

where   – the thermal conductivity, W/(m∙℃); t  – the temperature, ℃; x  and y  – the spatial 

coordinates, m. 

Schematic representation of the repaired wall section showing the computational domain and the 

prescribed boundary conditions is illustrated (Fig. 3). 

 

 
 

Fig. 3. Schematic representation of the repaired wall section showing the computational domain and 

the prescribed boundary conditions. 

 

The computational domain Ω for the wall section under consideration is defined along the x-asix 

within the interval from x=0 to x=a, and from y=0 to y=b along the y-asix: 
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where Ω – denotes the computational domain of the analyzed wall section; a – the maximum 

coordinate of the domain along the x-axis, m; b – the maximum coordinate of the domain along the y-

axis, m. 
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where 
ext  – the external surface heat transfer coefficient, W/(m

2
∙℃); 

in
  – the external surface 

thermal resistance, (m
2
∙℃)/W; 

.ext surf
t  – the temperature of the external wall surface, ℃; 

.in surf
t  – the 

temperature of the internal wall surface, ℃;
 

Neumann (second-kind) boundary conditions were imposed on the upper and lower boundaries of 

the computational domain, representing thermally insulated boundaries with zero heat flux: 
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At the interface between the insulation layer and the structural wall material, continuity conditions 

were imposed in the following form: 
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Similarly, the interface between the wall material and the injection grout satisfies the following 

continuity condition: 
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The governing heat conduction equation was solved using the finite element method (FEM). 

Numerical simulations were performed in ANSYS Workbench 2024. 

2.2. Algorithm for Constructing the Nomogram of Specific Heat Loss Through Injection-Repaired 

Wall Cracks 

1. A geometric model of the builing wall is first created. 

2. The temperature field is then obtained for the selected wall. 

3. A crack is introduced into the geometric model of the wall. 

4. The temperature field of the wall containing the crack is calculated for the selected wall node. 

5. The specific heat loss through the crack filled with the injection grout is determined using the 

following equation: 

with cracks without cracks .

L L
q

t

q





                                                      (9) 

 

where   – the specific heat loss through the building wall filled with injection gtout, W/(m∙℃); 

with cracks

L
q  – the linear heat flow densitypassing through the calculated wall fragment with a crack 
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filled with injection grout, W/m; 
without cracks

L
q  – the linear heat flow density passing through the 

calculated wall fragment without a crack, W/m; t  – the temperature difference between both sides 

of the considered building wall fragment, ℃. 

6. The depth and opening width of the crack are changed, and the temperature fields are 

recalculated. The specific heat losses are then determined using Equation (9). 

7. The calculation results are presented as a nomogram of specific heat losses through the 

building wall with a crack filled with injection grout. 

3. RESULTS AND DISCUSSION 

3.1. Mathematical Modeling of a Building Wall Crack for Constructing a Nomogram of Specific 

Heat Losses 

The results of mathematical modeling of the temperature field of building walls made of foam 

concrete with a thickness of 0.2 m are presented. The walls contain a through crack filled with 

injection grout. The crack opening width was 10 mm. Two cases were considered: a wall without 

insulation (Fig. 4) and a wall with insulation (Fig. 5). 

 

 
Fig. 4. Results of mathematical modeling of the temperature field of 0.2 m thick foam concrete single-

layer building wall without insulation with a through crack filled with injection grout and a crack 

opening width of 10 mm. 
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Fig. 5. Results of mathematical modeling of the temperature field of 0.2 m thick building wall 

insulated with 0.1 m mineral wool with a through crack filled with injection grout and a crack opening 

width of 10 mm. 

 

According to the results shown in Fig. 4 and Fig. 5, the injection grout affects the temperature field 

distribution and causes its distortion. 

As can be seen in Fig. 4 and Fig. 5, the repair zone significantly affects the local pattern of 

isotherms. The largest deviations occur near the inner and outer wall surfaces, where the temperature 

gradients become more pronounced. Owing to its higher thermal conductivity relative to foam 

concrete, the hardened injection grout forms a localized thermal bridge, thereby increasing heat 

transfer across the repaired section. 

To quantify the effect of the injection grout on the linear heat flux density, the corresponding 

values were obtained from the numerical model for two cases. The first case represented an intact wall 

without a crack
without cracks

L
q  , whereas the second considered a wall containing a crack repaired by 

injection grouting
with cracks

L
q . Comparison of these results made it possible to evaluate the contribution 

of the repair material to the heat transfer through the wall. 

Linear heat flux density for a 0.2 m thick foam-concrete block wall is presented (Table 1). 
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Table 1. Linear heat flux density for a 0.2 m thick foam-concrete block wall is presented. 

 
Building envelope Linear heat flux 

density for the wall 
without a crack, 

W/m
 

Linear heat flux density 
for the wall with an 
injection-repaired 

crack, W/m 

Specific heat loss 
through the injection-

repaired crack, W/(m·°C) 

Single-layer 0.2 m thick 
foam-concrete wall 
without thermal 
insulation 

28.83 32.87 0.094 

0.2 m thick foam-
concrete wall insulated 
with 0.1 m mineral wool 
boards 

10.77 11.37 0.014 

 

Fig. 6 compares the specific heat loss associated with an injection-repaired through-crack having an 

opening width of 0.01 m in insulated and uninsulated foam-concrete walls 0.2 m thick. 

 

 
 

Fig. 6. Comparison of the specific heat loss through an injection-repaired through-crack (crack 

opening width = 0.01 m) in insulated and uninsulated 0.2 m thick foam-concrete walls. 

 

For the uninsulated wall, the specific heat loss is 6.71 times higher than that of the corresponding 

wall protected by a mineral wool insulation layer. 

The calculated values of the linear heat flux density for a 0.38 m thick clay brick masonry wall are 

summarized in Table 2. 

 

Table 2. Linear heat flux density for a 0.38 m thick clay brick masonry wall. 

 
Building envelope Linear heat flux density 

for the wall without a 

crack, W/m
 

Linear heat flux density 

for the wall with an 

injection-repaired crack, 

W/m 

Specific heat loss through 

the injection-repaired 

crack, W/(m·°C) 

Single-layer 0.38 m 

thick clay brick 

masonry wall 

68.52 70.67 0.05 
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Continuation of Table 2 
0.38 m thick clay 

brick masonry wall 

insulated with a 0.1 

m mineral wool layer 

13.75 13.97 0.005 

 

Fig. 7 compares the specific heat loss associated with an injection-repaired through-crack having a 

10 mm opening in insulated and uninsulated 0.38 m thick clay brick masonry walls. 

 

 
 

Fig. 7. Comparison of the specific heat loss through an injection-repaired through-crack with a 10 mm 

opening in insulated and uninsulated 0.38 m thick clay brick masonry walls. 

 

For the uninsulated brick wall, the specific heat loss through the repaired crack is approximately 

ten times greater than that for the corresponding insulated wall. 

Table 3 presents the linear heat flux density obtained for a 0.3 m thick reinforced concrete wall in 

two configurations: an intact wall and a wall containing a through-crack repaired by injection grouting 

with a crack opening of 10 mm. The corresponding specific heat loss through the repaired crack is also 

reported. 

Fig. 8 compares the specific heat loss through an injection-repaired through-crack with a 10 mm 

opening for insulated and uninsulated 0.3 m thick reinforced concrete walls. 

For the uninsulated reinforced concrete wall, the specific heat loss through the repaired crack is 

approximately twenty times greater than that of the corresponding insulated wall. 

The comparison highlights the substantially smaller influence of the repaired crack in the insulated 

wall. 

 

Table 3. Linear heat flux density for a 0.3 m thick reinforced concrete wall. 

 
Building envelope Linear heat flux density 

for the wall without a 

crack, W/m
 

Linear heat flux density 

for the wall with an 

injection-repaired crack, 

W/m 

Specific heat loss through 

the injection-repaired 

crack, W/(m·°C) 

Single-layer 0.3 m 

thick reinforced 

concrete wall 

140.76 139.04 -0.04 
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Continuation of Table 3 
0.3 m thick reinforced 

concrete wall insulated 

with a 0.1 m mineral 

wool layer 

15.33 15.24 -0.002 

 

 
 

Fig. 8. Comparison of the specific heat loss through an injection-repaired through-crack with a 10 mm 

opening in insulated and uninsulated 0.3 m thick reinforced concrete walls. 

 

 

The insulation layer lowers the overall heat flow through the building envelope, thereby reducing 

the contribution of the repaired defect to the wall's thermal losses. 

The numerical results were subsequently used to construct nomograms for estimating the specific 

heat loss caused by injection-repaired cracks in building walls. 

Fig. 9 shows the nomogram obtained for a 0.2 m thick foam-concrete wall. For the uninsulated 

wall, the specific heat loss rises steadily as both the crack depth and the crack opening increase. The 

highest value corresponds to a through-crack with an opening width of 0.01 m. Fig. 10 presents the 

corresponding nomogram for a 0.2 m thick foam-concrete wall incorporating a 0.1 m mineral wool 

insulation layer. The insulated wall exhibits the same overall tendency. Increasing either the crack 

depth or the crack opening leads to greater specific heat loss through the repaired region, while the 

maximum value is again associated with a through-crack having a 0.01 m opening. Fig. 11 presents 

the nomogram developed for estimating the specific heat loss through injection-repaired cracks in a 

0.38 m thick clay brick masonry wall, whereas Fig. 12 shows the corresponding nomogram for the 

same wall insulated with a 0.1 m mineral wool layer. Fig. 13 shows the nomogram developed for 

estimating the specific heat loss through an injection-repaired crack in a 0.3 m thick reinforced 

concrete wall. Fig. 14 shows the corresponding nomogram for the same wall insulated with a 0.1 m 

mineral wool layer. 
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Fig. 9. Nomogram for estimating the specific heat loss through an injection-repaired crack in a 0.2 m 

thick foam-concrete wall (crack depth: 1 – 1 mm; 2 – 5 mm; 3 – 10 mm; 4 – 50 mm; 5 – 100 mm; 6 – 

150 mm; 7 – 200 mm). 

 

 
 

Fig. 10. Nomogram for estimating the specific heat loss through an injection-repaired crack in a 0.2 m 

thick foam-concrete wall insulated with a 0.1 m mineral wool layer (crack depth: 1 – 1 mm; 2 – 5 mm; 

3 – 10 mm; 4 – 50 mm; 5 – 100 mm; 6 – 150 mm; 7 – 200 mm). 
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Fig. 11. Nomogram for estimating the specific heat loss through an injection-repaired crack in a 0.38 

m thick clay brick masonry wall (crack depth: 1 – 1 mm; 2 – 5 mm; 3 – 10 mm; 4 – 50 mm; 5 – 100 

mm; 6 – 150 mm; 7 – 200 mm; 8 – 250 mm; 9 – 300 mm; 10 – 350 мм; 11 – 380 mm). 

 

 

 
 

Fig. 12. Nomogram for estimating the specific heat loss through an injection-repaired crack in a 0.38 

m thick clay brick masonry wall insulated with a 0.1 m mineral wool layer (crack depth: 1 – 1 mm; 2 – 

5 mm; 3 – 10 mm; 4 – 50 mm; 5 – 100 mm; 6 – 150 mm; 7 – 200 mm; 8 – 250 mm; 9 – 300 mm; 10 – 

350 мм; 11 – 380 mm). 
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Fig. 13. Nomogram for estimating the specific heat loss through an injection-repaired crack in a 0.3 m 

thick reinforced concrete wall (crack depth: 1 – 1 mm; 2 – 5 mm; 3 – 10 mm; 4 – 50 mm; 5 – 100 mm; 

6 – 150 mm; 7 – 200 mm; 8 – 250 mm; 9 – 300 mm). 

 

 

 
 

Fig. 14. Nomogram for estimating the specific heat loss through an injection-repaired crack in a 0.3 m 

thick reinforced concrete wall insulated with a 0.1 m mineral wool layer (crack depth: 1 – 1 mm; 2 – 5 

mm; 3 – 10 mm; 4 – 50 mm; 5 – 100 mm; 6 – 150 mm; 7 – 200 mm; 8 – 250 mm; 9 – 300 mm). 

 

3.2. Algorithm for Using the Proposed Nomograms of Specific Heat Loss Through Wall Cracks 

The proposed nomograms should be applied according to the following procedure. 

1. Measure the crack depth and crack opening width. 

2. Locate the measured crack opening width on the horizontal axis of the nomogram. 

3. Draw a vertical line from this point until it intersects the curve corresponding to the measured 

crack depth. 

4. From the intersection point, draw a horizontal line to the vertical axis. 

5. Read the specific heat loss through the repaired crack directly from the vertical axis. 
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4. CONCLUSIONS 

The numerical analysis showed that filling a wall crack with injection grout changes the local 

temperature distribution and modifies the pattern of isotherms around the repaired area. The effect is 

much stronger in uninsulated walls, where the higher heat flow makes the influence of the repaired 

crack more significant. 

The simulation results were used to construct nomograms for estimating the specific heat loss 

caused by repaired cracks. Once the crack opening and depth are known, the required heat-loss value 

can be obtained directly from the nomograms, eliminating the need for additional numerical 

simulations of the temperature field. 

The numerical analysis indicates that filling a crack with injection grout leads to an increase in heat 

flux across the analysed wall section in clay brick and foam-concrete walls. In contrast, reinforced 

concrete walls exhibit a reduction in heat flux following crack repair by injection grouting. 

An algorithm for using the nomograms of specific heat losses through building wall cracks filled 

with injection grout was developed. The proposed approach makes it possible to determine the specific 

heat loss through a crack based on the crack depth and crack opening width. 

The proposed nomograms provide a convenient tool for assessing the thermal performance of 

building envelopes during reconstruction and major renovation. Their use is compatible with the 

evaluation procedures specified in SP 50.13330.2024 Thermal Protection of Buildings and SP 

230.13330.2015 Building Envelopes. Characteristics of Thermal Non-Uniformities (Amendment No. 

2). 

The specific heat loss values obtained from the developed nomograms can be incorporated into the 

standard procedure for determining the overall thermal transmittance resistance of building envelopes. 
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